A study was conducted which focused on movement of naturally occurring human enteroviruses from a subsurface wastewater disposal system through a shallow aquifer. The potential for significant entrainment of virus particles was evidenced by their recovery at down-gradient distances of 67.05 m and from aquifer depths of 18 m. A significant negative correlation was observed between virus occurrence and the distance from the "septage" (leaching pool) source. Virus occurrence could not be statistically correlated with either total or fecal coliforms, indicating the limitations of current microbial water quality indicators for predicting the virological quality of groundwater.
A study was conducted which focused on movement of naturally occurring human enteroviruses from a subsurface wastewater disposal system through a shallow aquifer. The potential for significant entrainment of virus particles was evidenced by their recovery at down-gradient distances of 67.05 m and from aquifer depths of 18 m. A significant negative correlation was observed between virus occurrence and the distance from the "septage" (leaching pool) source. Virus occurrence could not be statistically correlated with either total or fecal coliforms, indicating the limitations of current microbial water quality indicators for predicting the virological quality of groundwater.
The past several years have witnessed the development of considerable information concerning the ability of human viruses to penetrate soil and contaminate underlying shallow groundwater systems (7, 16, (21) (22) (23) (24) . Given the potential for virus contamination of an aquifer by sewage disposal (e.g., subsurface disposal systems, wastewater recharge basins), it is vital that information concerning the extent of viral entrainment in groundwater be developed. The need for such information is particularly acute in areas such as Long Island where sewage-contaminated aquifers may serve as the sole source of potable water for local residents.
The earliest evidence for the presence of viruses in groundwater, based upon virus recovery rather than epidemiological evidence, was provided in 1972 by Mack et al. (10) . They isolated poliovirus type 2 from a 30.5-m-deep drinking-water well located 91.5 m from the edge of a wastewater drain field. The data suggested both vertical penetration of soil and significant lateral virus movement through the aquifer. Similar findings were later reported by Wellings (22) , who described soil penetration and aquifer entrainment of viruses resulting from the discharge of secondarily treated wastewater through a cypress dome. In a later study, Wellings et al. (25) The above data clearly demonstrate virus entrainment as a result of surface disposal. However, few studies have specifically focused on vertical and lateral movement of viruses emanating from subsurface disposal systems. Vaughn and Landry (19) isolated unidentifiable virus types from a subsurface leaching pool which received secondarily treated effluents. In the same account, they reported a single isolation of coxsackievirus B3 from an observation well located some 402-m down-gradient from a sanitary landfill. Marzouk et al. (11, 12) isolated enteroviruses in 20.2% of groundwater samples tested in Israel. Although the precise source of sewage contamination was not identified, the authors suggested the likely sources as being subsurface seepage from septic tanks and underground sewer lines. Wellings et al. (25) demonstrated the presence of echovirus in a series of 10.6-to 12.1-m-deep groundwater wells which were clustered in an area surrounded by septic tanks. A similar virus source was proposed by Vaughn and Landry (19) after the isolation of echovirus types 11 and 23, and coxsackievirus A-16 from a groundwater observation well located in the center of a cluster of single family dwellings which discharged wastes to individual septic systems.
The present study was designed to assess the lateral transport of indigenous human viruses through a shallow sole-source aquifer which received discharges from a subsurface disposal system. The study focused on the likely contribution of such systems to shallow aquifer contamination, and their potential impact on nearby drinking-water supplies.
MATERIALS AND METHODS
Site selection and well installation. The site chosen for the study was the Hampton Gateway apartment complex, Speonk, N.Y., located on the south shore of eastern Long Island. The complex consisted of three buildings, each containing 40 apartment units. Since the original plans had called for the eventual construction of three additional buildings (80 units), the disposal system ( Fig. 1 As seen in Fig. 1 , a sewer line serving building number 3 crossed the study area between the 15.24-and 22.86-m monitoring wells. Since any virus isolations from these wells could be questioned on the basis of possible leaking from cracks or defective joints, the Health Department provided a detailed television inspection of the sewer line to determine its status. In addition to optical inspection, each joint was individually pressure tested (testing conducted by PENGAT Contracting Corporation, Setauket, N.Y.). All joints in the vicinity of the testing wells were found to be intact. Inspection of the entire pipe indicated no other defects at any point.
Field sampling. Sample collection. Groundwater samples (378 liters) were collected from each sample well at biweekly intervals during the initial phase of the study. Samples were collected in 209-liter acidsterilized tanks (Plasti-Cube; Grief Brothers Corp., Staten Island, N.Y.) which had been arranged in permanent sets for exclusive use at each sample well. Pumping equipment and hosing (also arranged in sets for certain well groupings) were acid sterilized before each collection and thoroughly rinsed with 50 to 100 liters of sample water before the filling of the tanks. Bi weekly, 38-liter septage samples were also collected in containers used exclusively for this sample type. The above measures (plus others described below) were undertaken to avoid the likelihood of cross-contamination between different sample types.
Virus concentration and enumeration. Concentration of viruses from large-volume samples involved a filter adsorption-beef extract elution-organic flocculation method previously described by Landry et al. (9) . Briefly, samples were acidified to pH 3.5, supplemented with 0.5 mM AlC13, and passed through a virusconcentrating filter series consisting of a fiberglass depth cartridge filter (K-27) and a pleated cartridge filter (Duo Fine, Timonium, Md.). Viruses were eluted from concentrating ifiters with 1-liter volumes of 3% beef extract-0.5 mM Tris (pH 9.5). Virus reconcentrations from 1-liter eluates followed the technique of Katzenelson et al. (6) . Eluate pH was adjusted to 3.5, causing the formation of a virus-adsorbing protein precipitate. After 30 min, the percipitate was collected by centrifugation (5,000 x g for 10 min), and the resulting pellet was dissolved in 10-to 25- 13 (northeast control well), 34.6 m up-gradient. Unlabeled wells were used for determining the direction of groundwater flow and were not sampled during the present study. Well 12 was abandoned early in the study and well 13 was substituted.
(1:3), inoculated (4 ml) on Buffalo green monkey kidney cell monolayers in 75-cm2 flasks, and incubated with rocking for 2 h to facilitate virus adsorption. After decanting excess inoculum, monolayers were overlaid with 15 ml of minimal essential plaquing medium supplemented with 2% calf serum, agar, and antibiotics (20, 21) . The flasks were incubated for 1 to 3 days at 36°C under 5% CO2 and then stained with a second overlay (10 ml) containing agar and neutral red. The flasks were then returned to the incubator and observed over an 8-day period for plaque development. All 
RESULTS
Virus occurrence in septage distribution pools and shallow (1.82-m) groundwater observation wells. The system described above provided a unique opportunity for studying the characteristics of in situ virus entrainment through an aquifer receiving a constant input of domestic septic leachate. A summary of the virus recovery data from the distribution pool, as well as the control and down-gradient observation wells Attempts to recover viruses from well number 14 were unsuccessful (Table 2 ). This was presumably due in part to the high incidence of sample toxicity (45.5%). Isolates were recovered, however, from wells 15 and 16 (screened at 6.09-and 12.19-m depths, respectively), located some 30.48 m below the septage source (i.e., down-gradient). The presence of viruses in these wells indicated the likely mixing of septagecontaminated waters at these depths. This mixing was attributed to draw-down effects caused by sampling at the respective well points. Similar effects might be expected during normal usage of any supply well. Although viruses were not recovered from the deepest well at 30.48-m distance (well number 17), they were isolated on one occasion from the drinking-water well ( (i.e., total number of positive samples divided by the total number tested) at each well for each season. The rankings were then summed, and a chi-square value was calculated. The test was applied only to data from down-gradient, shallow (1.82-m) wells which had been sampled during all four seasons of the year. The analysis revealed no significant difference in overall virus occurrence frequency as a function of season. This result indicated that the likelihood of recovering virus from any point along the test gradient could not be confined to a particular time of the year and that viruses appeared to be homogeneously dispersed throughout that portion of the aquifer under study.
DISCUSSION
Microbial contamination of groundwater systems represents a major source mechanism for waterborne disease outbreaks (4, 5, 13, 14) . In most cases, contamination of shallow aquifers has been the direct result of wastewater disposal at or near the soil surface, with subsequent lateral movement through the aquifer (1) . The most often identified sources of contamination have been subsurface septic systems and cesspools (3).
The most commonly identified agent in drinking water-associated outbreaks occurring between 1971 and 1977 was Giardia lamblia (5).
However, 57% of the recorded outbreaks could not be associated with a specific etiological agent, a fact which led Craun (5) to speculate on the possibility of a virus etiology. The potential for waterborne virus disease transmission underscores the need for identifying the fate of viruses in a sole-source aquifer.
In the present study, viruses were isolated from groundwater at distances of up to 67 m down-gradient from the leaching pools of a subsurface wastewater disposal system. Although a majority of isolates were recovered from wells drawing from the upper portion of the aquifer, the potential for extensive vertical entrainment of viruses within the aquifer was evidenced by virus recovery from wells which had been screened at 6-, 12-, and 18-m depths. The specific limits of virus entrainment through the system could not be determined, as Statistical analysis indicated no overall patterns of significant correlation between virus occurrence and occurrence of fecal and total coliform organisms. This result, in conjunction with similar findings from previous studies (3, 15, 16) , provided strong evidence repudiating the use of current microbial water quality standards for predicting the likely virological quality of groundwater.
